The growth rate of the atmospheric CO 2 concentration exhibits interannual anomalous variations of 1-2 ppmV yr ,1 which reflect the response of the global carbon fluxes to large scale climate fluctuations. The climate sensitivity of global carbon cycle models can be explored by the simulation of these variations. Here we test the climate sensitivity of the global terrestrial carbon cycle model SILVAN 2.3 using this approach. The model has a horizontal resolution of 0:5 o , a 6-day time step and considers potential vegetation only. Important features are a model-generated water balance and physiological approaches to determine net primary productivity (NPP) and phenology. In the three sensitivity experiments SILVAN 2.3 was forced in addition to the monthly climatologies by: (A) observed temperature anomalies 1854-1993, (B) observed precipitation anomalies 1900-1993, and (C) observed anomalous temperature and precipitation as well as the atmospheric CO 2 concentration increase 1765-1993. Simulated and observed anomalous CO 2 fluxes into the atmosphere 1958-1993 are well correlated. The largest fraction of the modelled anomalous CO 2 fluxes results from the temperature sensitivity of the physiological NPP model; the effect of the precipitation variations is relatively small. The simulated heterotrophic respiration is more sensitive to precipitation than to temperature. We discuss the extent to which the model response results additively from the anomalous CO 2 fluxes generated by the temperature or precipitation anomalies only.
Introduction
The global terrestrial biosphere plays a vital rôle for man, who is depending on it for food, fuel, lumber and various environmental benefits. Therefore it is of considerable interest how the biosphere might react to a possible greenhouse gasespecially CO 2 -induced climate change and whether it will store or release relevant amounts of carbon -thus providing possibly a negative or positive feedback to climate change. Since there is no well known equivalent in earth's history for envisaged future climate states and transition rates we have to rely on modelling the possible climate change effects. The thorough testing of models describing the global terrestrial carbon cycling with contemporary and historical data is a prerequisite for meaningful extrapolations into the future. In view of an application of global terrestrial carbon cycle models for predicting the effects of a changing climate, tests of their climate sensitivities are essential. Here, we use the interannual fluctuations of the observed atmospheric CO 2 concentration to assess the climate sensitivity of the global terrestrial carbon cycle model SILVAN on the interannual time scale (3-5 years).
Methods
The atmospheric CO 2 concentration growth rate exhibits interannual anomalous variations of 2-4 GtC yr ,1 (1GtC = 10 15 gC) (Fig. 1) . The depicted data represent smoothed monthly anomalous CO 2 fluxes (expressed in GtCyr ,1 ) into the atmosphere. They were derived from the atmospheric CO 2 concentration data of Keeling et al. (1995) as follows. Firstly a the long term CO 2 uptake by the oceans was determined from a simulation with the ocean model HAMOCC3 (Maier-Reimer (1993) , Kurz (1993) , Heimann and MaierReimer (1996) ) forced by the observed increase of the atmospheric CO 2 concentration since preindustrial times. Secondly, the long term CO 2 induced uptake of the terrestrial biosphere S bio t, t, time), was assumed to be proportional First author: Kaduk 2 1960 Kaduk 2 1965 Kaduk 2 1970 Kaduk 2 1975 Kaduk 2 1980 Kaduk 2 1985 Kaduk 2 1990 Keeling et al. (1995) . The long term CO 2 uptake by the oceans and the terrestrial biosphere as well as industrial and land use induced CO 2 emissions were subtracted from the observed increase of the global atmospheric CO 2 concentration. The remaining anomalous monthly fluxes have been smoothed by suppressing frequencies higher than approximately 1/(3 years).
For further details see the section on methods.
to the increase of the atmospheric CO 2 concentration since 1765: S bio t = C O 2 t , C O 2 1765. was determined such that the atmospheric CO 2 budget of the 1980's is balanced (Schimel et al., 1995) . Thus, this long term carbon flux S bio from the atmosphere to the biosphere was assumed to be climate and land use independent. These CO 2 fluxes into ocean and terrestrial biosphere define together with estimates of the annual CO 2 emissions from industrial sources (Marland et al., 1994) and from changes in landuse (Houghton, 1994 ) the long term growth trend of the atmospheric CO 2 concentration. Thirdly, anomalous exchanges of the atmospheric CO 2 were computed by subtracting the long term growth trend from the seasonally adjusted average of the Mauna Loa and South Pole records (Keeling et al., 1995) .
Finally the anomalous CO 2 fluxes into the atmosphere as depicted in Fig. 1 were obtained by smoothing these exchanges with a lowpass binomial filter, suppressing frequencies higher than approximately 1/3 yr ,1 . The anomalous variations reflect the response of the global carbon fluxes to large scale climate fluctuations (Keeling et al., 1995 The simulated processes (ovals) are: assimilation (influenced by light (I), temperature (T), and the ratio of actual to potential evapotranspiration (AET/PET)), maintenance respiration (depending on T), allocation of assimilates into structural components (depending on T and AET/PET), growth respiration (a fixed fraction of the allocated material and independent of environmental influences), litter production (defined from T and AET/PET) and finally litter decomposition, i.e. heterotrophic respiration (depending on T and precipitation (P)).
of the model are an interactively simulated water cycle on a daily time step, a physiologically based approach for the determination of NPP following Farquhar et al. (1980) , climate driven phenology and carbon allocation from the assimilate to herbaceous and woody carbon pools. Heterotrophic respiration is formulated according to Esser (1991 Kaduk (1996) .
For the experiments described here the latest version of the model, 2.3, was run with a 6-day time step of the carbon cycle using a prescribed biome distribution as defined from the BIOME 1 model of Prentice et al. (1992) . In addition to the standard climatologies (Cramer and Leemans (1994) ) the model was forced in the three sensitivity experiments with: A observed mean monthly temperature anomalies 1854-1993 (Jones et al. (1986) , updated pers. comm.), B monthly precipitation anomalies 1900-1993 derived from observed preciptation data (Hulme, 1995) C observed monthly climate anomalies as in A and B and observed mean annual atmospheric CO 2 concentration 1765 (IPCC 1994 , 1995 .
Data gaps in the 4 o 5 o horizontal grid of monthly temperature anomalies were filled spatially by applying a Laplace filling technique; the missing data in the precipitation data set were reconstructed by spatial interpolation and rescaling to the standard climatologies assuming a Weibull distribution. The resulting global climate anomaly data sets have a monthly time resolution. The anomaly data were subsequently interpolated to the 0:5 o grid of the model and added to the standard climatology in order to drive the model. The CO 2 flux time series generated by the model simulations were detrended, and the mean seasonal cycle subtracted. SIL-VAN simulates an increase in the seasonal amplitude of atmospheric CO 2 when forced with the observed increase of the atmospheric CO 2 concentration (Kaduk and Heimann, 1995) . To remove this effect from the results of experiment C we used the results of an additional model run in which the prescribed atmospheric CO 2 concentration was increasing but the climate was held constant (Kaduk, 1996) . The increase in the seasonal cycle derived from the additional experiment was subtracted from the results of experiment C.
Finally, the simulated CO 2 fluxes obtained from the experiments A, B, and C were lowpass filtered in the same way as the observations. The strong negative anomaly in the high northern latitudes 1991/92 -presumably related to the Pinatubo volcano eruption and subsequent cooler and wetter climate -is also reproduced but simulated somewhat too late and too small. The largest fraction of the simulated anomalous global fluxes shown in Figure 3 originates in the tropics. Figure 6b shows that the simulated anomalous fluxes result mainly from the temperature response of the physiologically based NPP model. The sensitivity of global NPP to precipitation is only about a third of the temperature response. On the other hand, global heterotrophic respiration reacts quite sensitive to precipitation (Fig. 6c) . Globally, temperature and precipitation over land tend to be anti-correlated on the ENSO time scale (Fig. 6a) , where the global signal is primarily dominated by the variations in the tropics. This leads to a correlated behaviour of the two biospheric fluxes, NPP and heterotrophic respiration: if temperature increases, NPP tends to decrease. If at the same time precipitation decreases, heterotrophic respiration will be diminished, too. These correlated effects of the climate anomalies on NPP and heterotrophic respiration lead to a partial cancellation and thus result in a damped climate sensitivity of the net biospheric flux. The linear behaviour of the modelled anomalous net biospheric flux on the global scale with respect to the two climate forcing factors can tentatively be explained by their different impacts on NPP and heterotrophic respiration. Temperature fluctuations primarily influence NPP (experiment A), while precipitation anomalies most strongly affect heterotrophic respiration (experiment B). To first order the anomalous flux in experiment C therefore equals essentially the anomalous NPP from experiment A plus the anomalous heterotrophic respiration from experiment B. E.g. in 1982/83 the anomalous flux deduced from experiment C is approximately equal to the sum of the anomalous temperature induced NPP from experiment A and the precipitation induced anomalous heterotrophic respiration from experiment B.
Results

Discussion
The observed anomalous CO 2 fluxes into the atmosphere reflect also contributions from other sources than the climate response of vegetation. Keeling et al. (1995) Keeling et al. (1995) from their isotope data, however the amplitude of the simulated fluxes is smaller by about a factor of two. This contrasts with a similar experiment reported by Kindermann et al. (1996) , who, using a different terrestrial biosphere model (the Frankfurt Biosphere Model (FBM)) and different climate forcing data, deduce anomalous biospheric CO 2 fluxes with an amplitude comparable to the one derived from the deconvolution of Keeling et al. (1995) .
Although the deductions from the 13 C/ 12 C observations are not undisputed (Francey et al., 1995) and reflect the effects from other biospheric CO 2 sources as well (e.g. anomalous wildfire activity and biomass burning, Jiang and Yung (1996) ), the 13 C/ 12 C inferred biospheric CO 2 fluxes suggest that the overall climate sensitivity of SILVAN is somewhat too small. In contrast to the results reported here, Dai and Fung (1993) found that global NPP was more sensitive to precipitation than to temperature while Kaduk and Heimann (1994) found that the net carbon flux was also more sensitive to precipitation than to temperature variations. However, these latter studies employed different versions of the MIAMI model (Lieth, 1975) which is based on an empirical relationship of an assumed steady state vegetation and the long term climate mean. This relationship has been determined from NPP measurements of natural vegetation more or less in equilibrium with climate and the long term mean climate at the measurements sites. The MIAMI model therefore emphazises more the processes leading to the establishment of a vegetation type adapted to the prescribed climate including all involved processes, as e.g. competition, rather than the processes which cause short term fluctuations in carbon fluxes. Thus, simulations using the MIAMI model implicitly contain the assumption that the vegetation type is always adapted to the prevailing climate whereas SILVAN describes vegetation processes as a function of the climate with a fixed, prescribed vegetation distribution. Therefore if e.g. a wet tropical forest experiences a dry year, the MIAMI model would simulate NPP approriate for a seasonal tropical forest and the modelled climate response of the model is driven by the fact that drier regions have lower NPP than wet regions. On the other hand, SILVAN would simulate the NPP of a rain forest stressed by soil water deficiencies. Furthermore, a considerable part of the precipitation sensitivity of the net flux reported in the 1994 study (Kaduk and Heimann, 1994) was induced by the simulated heterotrophic respiration. In that study the same formulations for heterotophic respiration were used as in SILVAN which appears to be quite precipitation sensitive. In any case the anomalous net fluxes deduced in the 1994 study equal only about those of experiment B in the current study and are thus much too small. In SILVAN high temperatures can lead via increased evapotranspiration to a soil water deficit just as decreased precipitation. However, the effects of precipitation fluctuations on NPP are buffered by the modelled soil moisture reservoir. Additionally, high temperatures result in decreased quantum efficiency of photosynthesis and increased autotrophic respiration. Hence both processes lead to a reduction of NPP under higher temperatures. Interestingly, a preliminary evaluation indicates that in the FBM the simulated net biospheric flux might be dominated by the temperature sensitivity of autotrophic respiration (Kindermann et al., 1996) and direct effects on GPP are of minor importance. In contrast in SILVAN there are pronounced variations in GPP in response to temperature fluctuations. This highlights that from a system analytic point of view, modelling well defined processes is preferable to the employment of an highly integrated empirical model, since this allows to trace the fluctuations in the simulation results to well defined causes. The fact that the anomalous net fluxes simulated by SIL-VAN are possibly still too small is also supported by the fact that heterotrophic respiration is generally believed to be more temperature sensitive than simulated here (Raich and Potter, 1995) . This could indicate that the regression based rates for heterotrophic respiration of Esser (1991) as implemented in SILVAN might not be suited for simulations on interannual timescales with monthly or more rapidly varying climate forcing, although SILVAN seems to simulate reasonably well heterotrophic respiration, at least in the temperate zone (Heimann et al. (1997) , Kaduk and Heimann (1996) , Kaduk (1996) discuss the simulated seasonal cycle of atmospheric CO 2 , in Kaduk (1996) modelled monthly heterotrophic respiration is compared to observations by Dörr and Münnich (1987) ). However, the too weak biospheric CO 2 sink simulated in the northern hemisphere following the Pinatubo eruption might be attributed at least in part to a limited suppression of heterotrophic respiration by a cooler climate in high northern latitudes. In summary, the largest fraction of the modelled anomalous CO 2 fluxes results from the temperature sensitivity of the physiological NPP model. The influence of precipitation variations is weaker and impacts the simulated heterotrophic respiration more strongly than NPP.
Conclusion
The climate sensitivity of global terrestrial carbon cycle models can be explored by simulations of the anomalous, climate driven net CO 2 fluxes to the atmosphere and comparing the results to the observed anomalous growthrate of the atmospheric CO 2 concentration. Using this approach, the large scale, anomalous CO 2 fluxes into the atmosphere as simulated by SILVAN 2.3 forced by observed climate are found to be well correlated with the observations on the ENSO time scale. However, the model fails to reproduce the observed strongly enhanced CO 2 uptake during the post-Pinatubo period (1992-93). This test cannot be conclusive, since the atmospheric ob-servations include additional sources of variability, such as changes of air-sea CO 2 fluxes, which, at present, cannot unambiguously be determined. Nevertheless, a preliminary assessment can be made considering processes and sensitivities. However, the comparison of different biosphere models shows that there seems to be no general agreement concerning the relative importance of the different processes involved in biospheric carbon uptake. Clearly further tests are needed to provide a more comprehensive assessment of the climate sensitivity of SILVAN on the interannual timescale. Possibles candidates include the explicit simulations of the carbon or oxygen isotopes in CO 2 .
Alternative tests may be provided by forcing the processes involved in simulated NPP (photosynthesis and autotrophic respiration) and heterotrophic respiration separately with observed climate and comparing the results to long term observations from local eddy-correlation flux measurements. At least in the case of the the simulations reported here, a stronger sensitivity of heterotrophic respiration to temperature would presumably increase the magnitude of the simulated anomalous CO 2 fluxes into the atmosphere.
